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ABSTRACT
The highly variable neuroendocrine pathway that uses photoperiod to control
reproduction serves as an excellent model for understanding variation in the mammalian
brain. This brain pathway regulates physiology important for reproduction in response to
changes in day length, or photoperiod. This study used the white-footed mouse
{Peromyscus leucopus) to understand the role of the photoperiod pathway in controlling
spermatogenesis and reproductive behaviors. Within the population studied, some mice
(responsive) show a reduction in testis mass in response to short winter photoperiods
while others (nonresponsive) do not. Mice belonging to these two different phenotypes
have undergone several generations of selection on gonadal development in short days to
establish two genetically distinct lines: R (responsive) and NR (nonresponsive). It has
been suggested that nonresponsive mice selected to have large testes in winter
photoperiods should able to reproduce year-round while responsive mice selected to have
small testes would be reproductively inhibited during the winter. However, two important
components of successful reproduction, spermatogenesis and reproductive behaviors,
have not been tested in this population. Therefore, the first goal of this study was to
assess whether responsive and nonresponsive individuals in short day had levels of
spermatogenesis and reproductive behaviors that could indicate the ability to successfully
mate. Additionally, because these mice have undergone several generations of selection,
they provide the opportunity to study correlated responses to selection. The second goal
of this study was to assess if selection on gonadal development resulted in correlated
responses in spermatogenesis and reproductive behaviors. My data indicate that mature
males raised in long days have active gonads and will attempt to mate with an estrus
female. However, most responsive mice raised in short days are unlikely to exhibit
reproductive behaviors and have relatively inactive testes. Nonresponsive mice in short
days show the full range of reproductive behaviors but are somewhat deficient in
measures of spermatogenesis. Correlations were present between testis mass and
measures of spermatogenesis but not reproductive behavior. This study demonstrates that
potential individual variation in brain structure and function may result in dramatically
different physiological and behavioral phenotypes, which may affect reproductive
success.
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RESPONSE TO SELECTION OF PEROMYSCUS LEUCOPUS
Response of Spermatogenesis and Reproductive Behavior to Selection on Gonadal
Development in an Outbred Population of White-footed Mice (Peromyscus leucopus)
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CHAPTER I
INTRODUCTION

Understanding individual variation in brain structure and function is important
both in evolutionary biology and in medicine. For example, the efficacy of a given
treatment can vary from person to person (Bittner and Friedman, 2000). One brain
pathway, the photoperiod pathway, has been shown to be highly variable within and
between populations of rodents and serves as a model for understanding variation in other
neuroendocrine pathways and the brain in general (Heideman et al, 1999). The
photoperiod pathway is involved in regulating seasonal changes in multiple aspects of
reproduction and metabolism. Individual variation in the photoperiod pathway and in
brain structure and function in general, can lead to different behavioral and physiological
phenotypes, affect fitness, and act as a substrate for natural selection.
Reproduction in rodent populations
A profile of the annual reproductive cycle for a small mammal shows that there
are predictable peaks and troughs in reproduction. For example, a seven-year study of
wild white-footed mice in Williamsburg, Virginia showed a yearly bimodal pattern of
reproduction (Terman, 1993). The proportion of males and females in reproductive
condition were highest during the months of March-April, and September-October. A
I

dramatic decrease in the proportion of males and females in reproductive condition was
reported for May thru July. During these months, the proportion of animals in
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reproductive condition was lowest compared to all other times of the year. From June to
August, the mice rapidly recovered reproductive condition. During this time, males
increased testis size by a factor of 7, and seminal vesicle weights 26-fold (Terman, 1993).
In winter months, there was an additional, though less dramatic, decrease in the
proportion of adults in reproductive condition. A separate study evaluated the
reproductive status of adult white-footed mice {Peromyscus leucopus) trapped in
Williamsburg, VA (Heideman et al., 1999). Trapping mice during one winter revealed
that 79% of males had large or intermediate testes, while 21% showed markedly smaller
testes. An estimated > 50% of females trapped were reproductively inactive.
Two interesting conclusions can be taken from the studies described above. First,
as a whole, the population exhibited predictable yearly changes in the proportion of
animals able to reproduce at a given time. Reproduction declined in mid summer and
winter, and peaked in spring and late summer. Second, even though reproduction is
reduced in winter months, some individuals retain reproductive competency while other
mice do not. Similar patterns of reproduction have been documented for many rodent
populations, and for years reproductive biologists have been interested in understanding
how the timing of reproduction, especially during winter months, is regulated by ambient
cues (Bronson, 1989).
When energy is limited and conditions are harsh, proper timing of reproduction is
essential to increase the chances of parent and offspring survival. This is particularly
important in winter months. Some mammals in temperate zones use ambient cues to time
reproduction with optimal conditions such as abundant food, and warm temperatures
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(Bronson 1989). A pregnant female mouse, for example, requires additional energy for
processes such as gestation, parturition, and especially lactation (Oftedal 1984 from
Fournier et al, 1999). Animals that limit reproduction to a specific time of year (spring
and fall in the example given above) are defined as seasonal breeders. Seasonality, an
important and widespread reproductive strategy, allows many mammals to temporarily
reduce energy needs and predation risks associated with foraging by limiting
reproduction during harsh conditions. Limiting reproduction to a specific time of the year
may increase the chance for successful reproduction for some individuals (Bronson,
1989).
Photoperiod (or day length) is one important ambient cue that can regulate daily
rhythms such as activity, body temperature and metabolism as well as seasonal rhythms
such as changes in body mass, metabolic rate and cycles of reproduction (reviewed in
Prendergast et al 2002). Changes in day length provide the most reliable environmental
cue to indicate the coming of winter in temperate zones. Mammals can internalize day
length cues and alter their reproductive status to prepare for forthcoming harsh
conditions.
The reproductive development and status of a mammal is controlled by the
hypothalamic-pituitary-gonadal (HPG) axis (Ebling, 2005). Photoperiod is one
environmental factor that can modify the functioning of the HPG. When days shorten, as
in wintertime, a signal is transduced via a complicated neuroendocrine pathway (referred
to as the photoperiod pathway) to inhibit reproduction in photoresponsive animals. First,
photons of light are detected by specialized photoreceptors in the retina. The light signal
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is then transmitted through the retino-hypothalamic tract to the suprachiasmatic nuclei
(SCN). From the SCN, the signal travels to the paraventricular nuclei (PVN) in the
hypothalamus. The PVN has neuronal outputs to the superior cervical ganglion, which
has neuronal outputs to the pineal gland. During low light conditions, such as nighttime,
the pineal gland is stimulated by inputs from the superior cervical ganglion to release the
peptide hormone melatonin. The duration of the melatonin signal serves as a measure of
the length of nighttime. As wintertime approaches, nights become longer (as days
shorten) which results in an increase in the duration of melatonin secretion (Goldman
2001 and Prendergast et al, 2002). In photoperiodic animals, the increasing duration of
melatonin secretion serves as a hormonal signal for the coming of winter by modifying
downstream components of the HPG axis.
Within the brain, melatonin, either directly or indirectly, reduces the activity of
gonadotropin releasing hormone (GnRH) neurons in the hypothalamus (Prendergast et al,
2002). When GnRH is secreted, it binds to receptors on cells in the anterior hypothalamus
to simulate the secretion of the gonadotropins: leutenizing hormone (LH) and follicle
stimulating hormone (FSH). In the testes, LH acts on Leydig cells and FSH acts on
Sertoli cells to stimulate the development and normal functioning of the gonads. A lack
of GnRH, due to long duration melatonin secretion, can inhibit gonadal function
(Prendergast et al, 2002).
In male mammals, active gonads have many important reproductive functions
including spermatogenesis and androgen production and secretion. Spermatogenesis is
the process by which mature spermatozoa arise from spermatogonia. In order for
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spermatogenesis to occur, the levels of FSH, testosterone, and Sertoli cell function must
be adequate (Walker and Cheng, 2005). FSH binds to a G-protein receptor on Sertoli
cells, causing the activation of at least five different intracellular signaling pathways.
Among other functions, these pathways are responsible for producing cAMP, which leads
to phosphorylation of many different proteins including CREB and other transcription
9 - 4-

factors. There is also an increase in intracellular CA levels (Walker and Cheng, 2005).
As a result, FSH may be particularly important for the initiation of germ-cell
development. Additionally, within the testis, testosterone diffuses through the
seminiferous tubules and binds to its intracellular receptor in Sertoli cells. Testosterone,
when bound to its receptor stimulates gene transcription, increases intracellular CA
levels, and possibly increases activation of signaling pathways. Testosterone-mediated
processes are particularly important for the maintenance of germ cell development.
Sertoli cells, through the actions of FSH and testosterone, provide the nutrients and
protection required for the development of spermatozoa from germ-cells (Walker and
Cheng, 2005).
Once spermatozoa are formed, they must travel through the epididymis in order to
complete the maturation process and become fully motile (Franca et al 2005). Many of
the precise protein-sperm interactions that occur in the epididymis are complicated. It is
known, however, that sperm are not capable of fertilizing an egg until they undergo
transport through the epididymis (Franca et al 2005).
Spermatogenesis is only one of many processes that rely in part on androgen
production by the testes. Testosterone serves as a prohormone for induction of many
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reproductive behaviors and maintenance of accessory structures (Nelson, 2005). Within
the testes, testosterone in synthesized from cholesterol through a series of reactions
(Nelson, 2005). Once formed, testosterone can act locally or be secreted and exported,
via the spermatic vein, and affect distant target tissues such as the brain and accessory sex
organs (Nelson, 2005). Once in target tissues, testosterone is often converted to other
compounds. For example, in the brain, testosterone can be converted to estrogen by the
enzyme aromatase. Estrogen binding in the brain is required for many reproductive
behaviors. One brain region of particular importance to rodent behavior is the medial
preoptic area (MPOA). The MPOA is “critical for integrating environmental,
physiological, and psychological information prior to and during successful copulation”
for many rodent species (Nelson, 2005:257). Testosterone exerts its affects via estrogen
in the MPOA, though it is still necessary that androgen receptors become activated in the
hypothalamus and preoptic area for normal reproductive behaviors (Nelson, 2005).
Normal reproduction by male rodents consists of three readily identifiable behaviors:
mounts, intromissions, and ejaculations (Nelson, 2005). Because reproductive behaviors
so complex, a deficiency in any one or in a combination of numerous inputs, including
environmental or social stimuli, testosterone, testosterone derivatives, important
enzymes, or certain brain nuclei may disrupt normal copulatory behavior. Animals that
respond to photoperiod with a shut-down of the HPG axis may lack one or more of the
components required for successful copulation.
To summarize, longer nights which accompany winter in temperate regions cause
an increase in the duration of melatonin secretion which decreases the secretion of
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GnRH. A lack of GnRH results in a decrease in the levels of the gonadotropins. Low
levels of gonadotropins cannot maintain fully functioning gonads. A reduction in gonad
activity can lead to a significant decrease in testosterone levels (Nelson, 2005) which
could inhibit dependent physiological, behavioral and structural processes. Through this
complex pathway, some long day breeders can sense and respond to changing light
conditions to prepare for the coming of winter.
Many studies have documented variation in reproductive strategies both within
and between populations of temperate zone rodents. The physiological response to short
photoperiod is highly variable within some mammal populations (Bronson and Heideman
1994, Blank and Desjardins 1986, Blank and Freeman 1991).Within temperate rodent
populations, some individuals (responsive) show changes in reproductive traits in
response to changes in day length, while others (nonresponsive) do not (Prendergast et al,
2001). An individual is generally considered to be responsive to photoperiod if it
becomes deficient in a trait important for successful reproduction as a result of changes in
day length (Prendergast et al, 2002). For example, if an adult responsive animal is
transferred from long day lengths to short day lengths, it will undergo a suite of changes
(may include decreases in gonad size and mass of accessory organs such as the seminal
vesicles, body mass, gametogenesis, and mating behavior) (Prendergast et al,
2001). Furthermore, responsive animals that are raised in inhibitory photoperiods will
experience a delay in the onset of puberty (Ebling, 2005).
Physiological responses of nonresponsive animals are more difficult to categorize.
Though it is known that nonresponsive animals may respond to short photoperiods at the
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level of the hypothalamus, these individuals do not show the same physiological changes
as responsive individuals (Korytko et al, 1995). An animal is considered to be
nonresponsive if it maintains some important aspect of reproduction in spite of short
photoperiods (Goldman, 2001; Prendergast et al., 2001). For example, in Prendergast et
al (2001) some animals were defined as nonresponsive if they maintained spermatogenic
testes in 10 hours of light and 14 hours of dark. Other species were described as
nonresponsive if testis size was maintained in adults or testis development occurred in
pubertal animals in 6 hours light and 18 hours dark. Additionally, some “nonresponsive”
individuals show inhibition in other characteristics similar to responsive animals. For
example, in short days, nonresponsive deer mice {Peromyscus maniculatus) show
decreased levels of plasma prolactin similar to responsive animals. For this reason, it has
been proposed that certain traits are nonresponsive, rather than individuals as a whole
(Prendergast et al., 2001). Additionally, Heideman and Bronson (1991) proposed that
some individuals may simply be “less responsive” rather than nonresponsive.
The animals used in the study described here were from a wild-derived population
of highly variable P. leucopus. Within the source population, some individuals showed a
response to photoperiod while other individuals did not (Heideman et al, 1999). Artificial
selection on gonadal development in short days over several generations has isolated the
extremes of the phenotypes to produce two genetically distinct lines: responsive mice (R)
and non-responsive mice (NR) (Heideman et al, 1999). At approximately 70 days of age,
responsive mice have underdeveloped testes and seminal vesicles compared to
nonresponsive mice when raised in short day lengths (Heideman et al. 1999). Previous
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work on these mice has sought to identify the source(s) of variability within the brain that
would explain differential responses to photoperiod. Several points of variation have been
described thus far. Data have shown that NR and R mice vary in sensitivity to steroid
negative feedback (Schubert, Raymond and Heideman, unpublished data), in the number
of neurons immunoreactive for mature GnRH (Avigdor et al, 2005), in IMEL binding
(Heideman et al 2001), circadian characteristics (Majoy and Heideman, 2000), responses
to pheromonal (Zelensky and Heideman unpublished data) and nutritional cues (Joiner et
al, in review). This body of work suggests that nonresponsive and responsive mice are
variable in several aspects of brain structure and function.
Selection experiments, particularly artificial selection experiments, are considered
to be of vital importance to understanding the evolution of complex traits (Fuller et al,
2005). Artificially selecting on one trait allows a researcher to measure correlated
responses to selection in other traits. Correlated responses to selection can reveal shared
physiological, biochemical, or developmental relationships caused by underlying genetic
relationships such as linkage disequilibrium, or pleiotropy (Swallow and Garland, 2005).
Identifying genetic covariances can help explain clusters of traits and identify constraints
on evolution (Fuller et al, 2005). For this reason, studying correlated responses to
selection is one way to study how and why evolution of complex traits have occurred,
thus allowing predictions about the evolution of complex traits in the future (Swallow
and Garland, 2005; and Fuller et al., 2005).
A recent paper reported one potential correlated response to selection on gonadal
development in food intake, but not body weight, in our population of mice (Heideman et
al, 2005). By the third generation of selection, 90% (up from 42%) of R mice showed a
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strong gonadal response to short days (i.e. most mice had small testes) while only 15%
(down from 42%) of NR responded strongly to short days (i.e. most mice had large
testes) (Heideman et al, 1999). In later generations it was found that the NR line mice ate
approximately 50% more than R mice in both long and short photoperiods, but these
mice were not significantly different in body mass (Heideman et al, 2005). Other
correlated responses to selection have yet to be investigated and identified in these mice.
There are still questions to be addressed about the photoperiod pathway in this
population of mice and other populations and species. First, in what ways do mice from
different lines and photoperiod treatments differ in a variety of traits? Important variables
to measure might be locomotor activity (foraging, nest building, etc), social behaviors,
reproductive behaviors (appetitive and consummatory), reproductive physiology
(gametogenesis, hormone production and binding in the brain), and metabolism
(metabolic rate and nutrient utilization and storage). Further identification of phenotypic
differences between mice could provide clues as to where to look for areas of individual
variation within the brain pathway that mediates responses to seasonal changes in day
length. Second, how might the differential responses of lines to different photoperiods
translate to differences in reproductive success of mice with different phenotypes in
nature? Evaluating the likelihood of a mouse of a given phenotype to successfully
reproduce in the laboratory is an initial step in understanding differential fertility in the
wild. Lastly, what are the correlated responses to selection on gonadal development in
short photoperiods? This can indicate important covariances, and may give clues as to
how or why different phenotypes might evolve and be maintained in natural populations.
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My work attempts to address components of the three questions posed above.
Specifically, the two variables I measured were spermatogenesis and reproductive
behaviors. Both variables are essential components of successful reproduction and neither
trait has been thoroughly studied in these mice. Therefore, my first goal was to determine
what, if any, differences existed in spermatogenesis and reproductive behaviors among
mice from different lines raised in either long or short photoperiods. I also wanted to
determine if spermatogenesis and reproductive behaviors were consistently and
predictably related in these animals. These two initial aims allowed me to speculate on
potential reproductive success of each line. Lastly, because these mice are from lines that
have undergone several generations of artificial election, I wanted to determine if either
spermatogenesis or reproductive behavior responded to selection on gonadal
development in short days.
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CHAPTER II
REPONSE OF SPERMATOGENESIS TO SELECTION ON GONADAL
DEVELOPMENT OF WHITE-FOOTED MICE

Introduction
Photoperiod is one environmental cue that can modify functioning of the HPG
axis to regulate sperm production. As winter approaches, GnRH secretion is limited,
which can result in decreased secretion of the gonadotrophs and in turn decreased gonad
activity. As gonads regress, there is a concomitant decline in steroid production and
spermatogenesis. Many studies have documented the responses of spermatogenesis to
photoperiod. In P. leucopus, Johnston and Zucker (1980) reported that mice in short days
with regressed testes showed a halt in sperm production. In P. maniculatus, similar
results were reported, as mice with regressed testes were azoospermic (Blank and
Desjardins, 1986). Heideman and Bronson (1991) reported that responsive mice raised in
short days showed a decrease in testicular sperm number. In general, a decline in
spermatogenesis accompanies testicular regression in animals that respond to short
photoperiods.
In our stock of mice, the differential response to photoperiod between responsive
and nonresponsive mice is defined by differences in testis development in males and
ovulatory and uterine development in females raised in short day lengths (Heideman et
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al., 1999; Majoy and Heideman 2000). The differential response in one important fertility
measure, spermatogenesis, has not been thoroughly studied in these mice. In other words,
while we know that in our population some mice have small testes in short photoperiods,
we have not tested to see if these mice lack sperm as well. Zelensky (unpublished 2002)
hypothesized that within this highly variable outbred population of Peromyscus leucopus,
even though some mice retain large testes in short winter-like photoperiods, other factors
may interfere with reproduction. For example, the number or motility of mature sperm
may be reduced. Thus, it may be possible for an individual to retain large testes but still
have reduced fertility in response to short photoperiods. Conversely, an animal with
small testes might be able to produce enough mature and motile sperm to remain fertile.
Therefore, it is important to test the assumption that mice with small testes in short
photoperiods have little or no sperm, and that mice with large testes in short photoperiods
contain adequate numbers of mature and motile sperm to fertilize a female.
Various selection regimes, including selection on testes development and size,
have reliably increased sperm numbers in a variety of species (Schinckel et al, 1984). For
example, in boars, selection on testes size at 150 day of age increased daily sperm
production and resulted in semen with a higher concentration of sperm (as cited in Huang
and Johnson, 1995). The increase in sperm production in boars was due to both increased
testes size and an increase in the efficiency of the sperm producing tissues. The mice used
in the present study have undergone artificial selection on gonadal development in short
days. Therefore, they provide an opportunity to detect if spermatogenesis responded to
selection on gonadal development. Correlated responses to selection can reveal shared

15

physiological pathways which could be indicative of important genetic covariances (see
Chapter I).
The first goal of this study was to compare the differential response in several
reproductive measures of males from the responsive, nonresponsive, and control lines in
short photoperiods in long days and short days. In other words, I wanted to assess the
reproductive status of each line of mice. First, I wanted to assess if mice from this study
were comparable to mice from the same population used in other studies in testis mass,
seminal vesicle mass, and body mass. If lines of mice in this study are similar to other
mice in these three measures, then it is more likely that results from this study can be
applied to this population as a whole. Second, I wanted to assess, one important measure
of fertility, spermatogenesis, that had not yet been thoroughly studied in this population
of mice.
The second goal of this study was to test if mice that had undergone selection on
gonadal development in short days showed a correlated response to selection in
spermatogenesis. If spermatogenesis responded to selection on gonadal development, I
predicted that as testis size increased the number of sperm in the cauda epididymis and
testes, and the number of motile sperm would also increase. If gonadal development and
spermatogenesis are not related then the number of sperm, or sperm motility might vary
independently of testis size.
Methods
The animals used in this study were male white-footed mice. The animals were7th,
8th, 9th’and 10th generation mice from breeding lines established from a wild population
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trapped in the College Woods at the College of William and Mary, Williamsburg, Va. At
weaning (approximately 23 days of age), all mice were separated and housed individually
in polyethylene cages (27 cm by 16 cm by 13 cm) with wire tops and approximately 3 cm
of heat-treated pine shavings. Between 48 and 86 days of age, each male mouse was
lightly anesthetized with Isoflourane (10-30% in chamber) and weighed. While
anesthetized, the reproductive status of each mouse was assessed by measuring the length
and width of the right testis (product of the two = testes index, TI) through the scrotum
using calipers. In addition, each male was ear tagged on the right ear. One person (PDH)
who was blind to both line and treatment took the testis measurements. All mice were
from one of two artificially selected lines, or a third unselected control line. Most mice
from the responsive line (R) exhibited reproductive suppression (i.e. had testes <24 mm
when reproductive status was assessed) when raised in short day lengths (SD) (8 hours
light: 16 hours dark). Most mice from the nonresponsive line (NR) mice were not
reproductively suppressed (i.e. had testes >32mm when reproductive status was
assessed) in SD. A third line of mice, the control line (C), did not undergo artificial
selection and contained the full spectrum of naturally occurring responsive and non
responsive phenotypes (i.e. had large, intermediate or small testes) in SD.
Mice were housed in animal rooms with temperature ranges of 17° to 28 0 C. All
mice had access to food (Harlan Standard Mouse Chow) and water ad libitum. All tests
were completed on male mice 64 to 123 days of age and done blind with respect to line
and photoperiod, except in the case of sperm counts, which were done blind to line but
could not be done consistently blind to photoperiod.
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Spermatogenesis
This experiment was designed as a 2x3 with two photoperiods, long days (LD)
(16 hours light: 8 hours dark) and short days (SD) and three lines of male mice: R, NR,
and C. Power outages due to hurricane Isabel in September 2003 compromised the
photoperiod treatment of some animals and caused us to discard data from most C line
mice in SD. Therefore, I only used control line mice in LD for analysis. Sample sizes
were as follows in LD: C = 14, NR = 17, R = 16 and in SD: NR =13 and R = 12. Before
each male was sacrificed and dissected, it was used in an experiment on reproductive
behavior (see Chapter III). During the behavior experiment each male mouse could have
potentially mated three times over a 6 night period.
Between 5 to 12 days after a practice exposure to a stimulus female during
behavior testing (see Chapter III), each male mouse was euthanized using C02.1
measured body, paired testis (T) and empty seminal vesicle (SV) masses. Next, I
performed sperm counts on one testis and cauda epididymis (CE) of each male by first
dissecting the organs, and then placing each in a tissue homogenizer. Each was diluted to
a fixed volume with one milliliter of sperm grinding solution (5% Triton-X in 0.9% NaCl
saline) for homogenization and another milliliter to rinse. I counted mature sperm heads
in the T and CE in five randomly chosen hemacytometer squares. All numbers are
presented as total number of sperm in the testis or cauda epididymis (xlO6) (see Appendix
II for calculations). An epididymal squash mount was done in order to assess the relative
abundance of motile sperm (Table 1). All sperm counts were done blind to line, but I
was not able to consistently perform the tests blind to photoperiod as well.
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Statistics
I used two way ANOVA to assess the effect of line, photoperiod, or an interaction
of line and photoperiod on body weight, paired testis mass, seminal vesicle mass, number
of sperm in the testis, and number of sperm in the cauda epididymis. Because there were
no SD mice in the C line, a one-way ANOVA was done for this treatment. I transformed
testis mass and seminal vesicle masses (arcsine square root), and body weight (log) to
improve the fit to normal distribution. I present untransformed data for all variables in all
figures. For all significant effects of line, photoperiod, or an interaction with line and
photoperiod, I conducted post hoc tests using Scheffe’s test.
I used Chi-square tests for the categorical data collected on abundance of motile
sperm. The Chi-square was used to determine differences in the proportion of animals
with varying abundance of motile sperm in the cauda epididymis between photoperiods
and between lines within each of the two photoperiods. An additional chi-square test was
done to determine if nonresponsive mice in short day differed from nonresponsive mice
in long day. Correlation analyses were used in order to determine the relationship
between testis mass and several variables including seminal vesicle mass, number of
sperm in the testis, and number of sperm in the cauda epididymis for each line in each
photoperiod.
Correlations were done twice, both with and without residuals of testis mass on
body mass. Residuals were included in the analyses because ANCOVA revealed a
significant effect of the covariate, body mass, on the dependent variable. In addition, I
used correlation analyses to evaluate the relationship between several other potentially
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important variables: the number of days that lapsed from first exposure to a female to the
day sperm counts were completed and between the number of sperm in the cauda
epididymis, the number of days that lapsed from first exposure to a female to the day
sperm counts were completed and between the number of sperm in the testes, and the age
at which the testis index was measured and the testis index.
Probabilities <0.05 were considered to be significant. All statistical analyses were
done using Statview 4.5 or Super ANOVA (Abacus Concepts, Inc.) on a Macintosh.
Results
The time elapsing between first practice exposure to a female and the time sperm
counts were completed was not correlated with the number of sperm in the cauda
epididymis and testes. Similarly, there was no relationship between the age at which the
testis index was measured and the testis index (p>0.05). Therefore, these variables are not
considered further.
I measured three variables in order to determine the relative amount of
spermatogenesis of each mouse: number of sperm in the testis, number of sperm in the
cauda epididymis, and relative abundance of motile sperm in the cauda epididymis. I also
assessed paired testis mass, seminal vesicle mass and body weight because these
variables are common reproductive measures and have been reported in other studies on
the population of mice used in this study (Heideman et al 1999, Heideman and Majoy
2000, Avigdor et al 2005, and Heideman et al 2005). Taken together these five measures
are used to assess the reproductive status of each line of mice.
There was a significant effect of line, photoperiod, and the interaction between the
effects of line and photoperiod for several reproductive measures. There was a significant
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effect of both line and photoperiod for body weight, testis mass, seminal vesicle mass,
number of sperm in the testis and number of sperm in the cauda epididymis (Table 2).
There was also a significant interaction between the effects of line and photoperiod for
seminal vesicle mass and sperm in the cauda epididymis. Post hoc analyses revealed
some significant differences among treatment groups for several variables (Table 2). In
long days, NR mice had larger testes (Fig. 2) with more sperm in the testis (Fig. 4) and
cauda epididymis (Fig. 5) than R mice. In short day, NR mice had larger testes (Fig.2),
body mass (Fig.l), seminal vesicle mass (Fig. 3), and number of sperm in the testis
(Fig.4) and cauda epididymis (Fig. 5) than R mice. Means are given in Appendix II.
The relative amount of motile sperm in the cauda epididymis of each male was
analyzed using Chi-square tests for significant differences between photoperiods and
between lines within photoperiods. Short day mice had significantly less sperm than long
day mice (x =28.62, p<0.0001). Further analyses revealed that the relative abundance of
motile sperm found in SD R mice was significantly less than NR in SD (x =18.990,
p=0.0008). NR SD mice were also significantly different (had less sperm) from mice in
LD (x 2= 9 .808, p=0.0074). Figure 6 illustrates how the relative abundance of motile
sperm corresponds to total number of sperm in the cauda epididymis (presented on a log
scale).
In order to test if spermatogenesis responded to selection on gonadal development
in short days, I tested for correlations between several measures of reproductive status
and testis mass (Table 3). In both LD and SD, NR and R mice had a significant and
positive relationship between testis mass and emptied seminal vesicle mass (Fig. 7 and
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8 ). The relationships between seminal vesicle mass and testis mass remained significant

when the residual of testis mass on body mass was included in the analyses. In both LD
and SD, NR and R mice had a significant and positive relationship between testis size and
number of sperm in the testis (Fig. 9 and 10). NR mice in LD and R mice in SD did not
have a significant and positive relationship between testis size and sperm in the cauda
epididymis (Fig. 11 and 12). When correlations were done using the residuals of testis
mass on body mass, most of the relationships for number of sperm became nonsignificant
(Table 3).
C line mice in LD were similar to R mice in LD in all reproductive measures as
well as the relationship between testis size and seminal vesicle mass, sperm in the testis
and sperm in the cauda epididymis.
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TABLE 1
DESCRIPTION OF RELATIVE ABUNDANCE CATEGORIES OF MOTILE SPERM
IN THE CAUDA EPIDIDYMIS FROM EPIDIDYMAL SQUASH MOUNTS

Category
Abundant
Many
Some
Few
None

Definition
Thousands or more motile sperm were present in a very
large thick cloud within one field of the microscope
Hundreds to thousands of motile sperm were present in a
less dense cloud within one field of the microscope
Tens to hundreds of motile sperm were present in a low
density cloud within one field of the microscope
One to tens of motile sperm were present within one field
of the microscope
No motile sperm were present
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TABLE 2
ANOVA TABLE FOR REPRODUCTIVE MEASURES SHOWING THE EFFECT OF
LINE (NONRESPONSIVE, RESPONSIVE, AND CONTROL) AND PHOTOPERIOD
(LONG DAY OR SHORT DAY) AND THE EFFECT OF THE INTERACTION
BETWEEN LINE AND PHOTOPERIOD

Variable
Body weight
Testis mass
Seminal vesicle
mass
Sperm in the testis
Sperm in the
cauda epididymis

Effect of
line
F=8.426
p<0.0053
F=77.416
pO.OOOl
F= 26.827
pO.OOOl
F=35.576
pO.OOOl
F=32.837
pO.OOOl

Effect of
photoperiod
F=9.934
P=0.0026
F=97.702
pO.OOOl
F=121.376
pO.OOOl
F=104.15
pO.OOOl
F=89.844
pO.OOOl

Interaction between
line and photoperiod
NS
NS
F=5.123
p=0.0276
NS
F=4.924
p 0 .0 3 0 9

>Means are significantly greater based on results of post hoc tests

Ranking of
means
In LD: NR=R
In SD: NR>R
In LD: NR>R
In SD: NR>R
In LD: NR=R
In SD: NR>R
In LD: NR>R
In SD: NR>R
In LD: NR>R
In SD: NR>R
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TABLE 3
RESULTS OF CORRELATION ANALYSES FOR MEASURES OF
SPERMATOGENESIS AND PAIRED TESTIS MASS

Photo
period

Line

LD

NR

LD

R

SD

NR

SD

R

Seminal vesicle
mass and testis mass
R^=0.546
p=0.0270
R^=0.806
PO.OOOl
R^O.977
pO.OOOl
RM).861
pO.OOOl

Sperm in the
testis and testis
mass
R-O.588
p=0.0115
R-O .909
pO.OOOl
R2=0.810
p=0.0004
R2=0.718
p=0.0067

Sperm in the cauda
epididymis and testis mass
R-O.477
p=0.0610
R2= 0.731
p=0.0013
R^O.772
p= 0 .0 0 1 2 *
R^O.353
p=0.2691

* Indicates a significant relationship when the residuals of testis mass on body mass were
used in the analyses
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FIGURE 1
BODY MASS OF NONRESPONSIVE AND RESPONSIVE MICE IN LONG
AND SHORT PHOTOPERIODS (MEAN± C l)
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FIGURE 2
PAIRED TESTIS MASS OF NONRESPONSIVE AND RESPONSIVE MICE IN
LONG AND SHORT PHOTOPERIODS (MEAN ±_CI)
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FIGURE 3
EMPTIED SEMINAL VESICLE WEIGHTS OF NONRESPONSIVE AND
RESPONSIVE MICE IN LONG AND SHORT PHOTOPERIODS (MEAN ± Cl)
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FIGURE 4
TOTAL NUMBER OF SPERM IN THE TESTIS OF NONRESPONSIVE AND
RESPONSIVE MICE IN LONG AND SHORT PHOTOPERIODS (MEAN ± Cl)
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FIGURE 5
TOTAL NUMBER OF SPERM IN THE CAUDA EPIDIDYMIS OF
NONRESPONSIVE AND RESPONSIVE MICE IN LONG AND SHORT
PHOTOPERIODS (MEAN ± Cl)
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FIGURE 6
RELATIONSHIP BETWEEN VARYING ABUNDANCE CATEGORIES OF MOTILE
SPERM IN THE CAUDA EPIDIDYMIS AND TOTAL NUMBER OF SPERM IN THE
CAUDA EPIDIDYMIS
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FIGURE 7
RELATIONSHIP BETWEEN SEMINAL VESICLE MASS AND PAIRED TESTIS
MASS FOR NONRESPONSIVE AND RESPONSIVE MICE IN LONG DAY

0.14

0.12

-

Emptied
seminal 008 '
vesicle
mass (g) 0 06 .

0.0 4

-

0.02

-

0

♦NR
□R

0.1

0.2

0.3

0.4

0.5

Paired testis mass (g)

0.6

0.7

0.8

32

FIGURE 8
RELATIONSHIP BETWEEN SEMINAL VESICLE MASS AND PAIRED TESTIS
MASS FOR NONRESPONSIVE AND RESPONSIVE MICE IN SHORT DAY
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FIGURE 9
RELATIONSHIP BETWEEN TOTAL NUMBER OF SPERM IN THE TESTIS AND
PAIRED TESTIS MASS FOR NONRESPONSIVE AND RESPONSIVE MICE IN
LONG DAY
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FIGURE 10
RELATIONSHIP BETWEEN TOTAL NUMBER OF SPERM IN THE TESTIS AND
PAIRED TESTIS MASS FOR NONRESPONSIVE AND RESPONSIVE MICE IN
SHORT DAY
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FIGURE 11
RELATIONSHIP BETWEEN TOTAL NUMBER OF SPERM IN THE CAUDA
EPIDIDYMIS AND PAIRED TESTIS MASS FOR NONRESPONSIVE AND
RESPONSIVE MICE IN LONG DAY
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FIGURE 12
RELATIONSHIP BETWEEN TOTAL NUMBER OF SPERM IN THE CAUDA
EPIDIDYMIS AND PAIRED TESTIS MASS FOR NONRESPONSIVE AND RES
PONSIVE MICE IN SHORT DAY
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Discussion
Reproductive measures
The first goal of this study was to establish the reproductive status of artificially
i

selected lines of mice raised in short or long day lengths. For each line of mice, there was
a significant effect of line and photoperiod for all variables measured (Table 2). Post hoc
tests revealed that responsive mice in short day had the smallest means for all five
measures of reproduction: testis mass, body mass, seminal vesicle mass, number of sperm
in the testis and cauda epididymis (Table 2, Appendix II). Lines in long day were not
significantly different from each other except that nonresponsive mice in long day had
larger testes and more sperm in the testis and cauda epididymis (Table 2). Taken together
these results suggest that responsive mice in short day are inhibited in several
reproductive measures including spermatogenesis. Additionally, nonresponsive mice in
short day are generally intermediate in reproductive measures. Long day mice have large
testes with numerous sperm, and are reproductively competent based on the variables
measured in this study.
The results for short day mice for testis and seminal vesicle masses are consistent
with other studies completed on this population of mice (Heideman et al 1999, Heideman
et al 2005, Avigdor et al 2005). Responsive mice raised in short days generally have the
smallest testes and seminal vesicles. Nonresponsive mice respond to short days, but less
so, and have intermediate testes and seminal vesicles (Figs. 2 and 3). Studies on this
species from different populations have also documented similar responses in testis size
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and seminal vesicle mass to short day lengths in responsive and nonresponsive mice. For
example, Gram et al (1982) reported that in a wild trapped population of P. leucopus
from Williamsburg, VA, most individuals responded at least slightly to short day lengths
with a decrease in testis and seminal vesicle mass. Additionally, Heideman and Bronson
(1991) reported that after four generations of selection, nonresponsive and responsive
lines of male P. leucopus differed in paired testes weight and seminal vesicle weight in
short days but not long days.
In this study, there was a difference in three reproductive measures among long
day lines. Nonresponsive mice in long days had significantly larger testes and more
sperm than responsive and control lines in long day (Figs 2, 4, and 5). In another study
from the same population, nonresponsive mice in long day were reported as having larger
testes as well (Heideman et al, 2005). This suggests that selection may have occurred not
only on gonadal development in short days but also on absolute testis size in this
population of mice.
Throughout puberty and with the changing of seasons, many animals experience
dramatic changes in the size and function of the reproductive organs. Substantial research
effort has gone into understanding the endocrine and neuronal basis for seasonal changes
in reproductive status as measured by testis development. In general, responsive P.
leucopus in short days show reduced secretion of the gonadotropins due to an inhibition
of secretion of GnRH by neurons located in the preoptic area and anterior hypothalamus
(reviewed in Prendergast et al, 2001). In the population of P. leucopus studied here, it
was previously reported that nonresponsive mice have 50% more neurons containing
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mature GnRH than responsive mice, regardless of photoperiod treatment (Avigdor et al,
2005). This may explain why nonresponsive short day mice in this study were
intermediate in testis size, seminal vesicle size and sperm number compared to other lines
(Figs. 2, 3, 4 and 5) (Appendix B). These mice seemed to respond physiologically to
short photoperiods, but to a lesser extent than responsive mice. If the difference in neuron
number leads to more GnRH secretion, then this may prevent nonresponsive mice from
experiencing the same level of reproductive inhibition seen in responsive mice. These
neuronal differences may contribute to the effects short photoperiods have on the testis,
seminal vesicles, and sperm production rate of responsive animals, and to a lesser extent,
nonresponsive animals.
Several studies have evaluated the ultra structural responses of the testes to short
photoperiods in responsive animals. Hamsters in short days have a reduction in Leydig
cell number and size (Hikim et al, 1988). While Sertoli cell number does not change in
response to short photoperiod, there is a decrease in volume, surface area, and organelle
size (Hikim et al 1989). Additionally, in short days, hamsters have seminiferous tubules
that are reduced in length and diameter (Hikim et al, 1988). Sperm producing tissues
account for approximately 93% of testicular mass (Hikim et al, 1988). Therefore, a
reduction in the size of seminiferous tubules and Sertoli cells similar to that seen in
hamsters might account for the small testes seen in short day responsive animals in this
study.
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Previous studies have also documented changes in seminal vesicle structure and
function in response to short days. For example, in hamsters kept in short day lengths,
seminal vesicles lacked tall columnar epithelial cells and instead have low
columnar or cuboidal cells (Chan and Ng, 1994). These hamsters also had decreased
amount of secretion into the lumen of the seminal vesicles (Chan and Ng, 1994). Seminal
vesicle size has been shown to be correlated with testosterone levels (Bradley and
Terman, 1981). Therefore, it is possible that the neuroendocrine responses of short day
responsive animals resulted in low levels of testosterone and may explain the small
seminal vesicles seen in this study.
In addition to measuring testis and seminal vesicle mass, this study evaluated the
amount of sperm in the testis and cauda epididymis. This was the first study to
thoroughly document measures of spermatogenesis in this population of mice.
Responsive mice in short days had the lowest number of sperm (Fig. 4 and 5) This
finding is in agreement with other studies that have documented changes in
spermatogenesis in response to short days. In, P. maniculatus, Blank and Desjardins
(1986) reported a two-fold decrease in the mean number of testicular and epididymal
sperm when mice were transferred from long days to short days. Johnston and Zucker
(1980) reported that P. leucopus that underwent gonadal regression in short photoperiods
had testes that lacked spermatogenic activity. Heideman and Bronson (1991) reported
that responsive line mice had significantly smaller testes and sperm in the testis compared
to nonresponsive mice in short days.
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The cause of reduced sperm counts in responsive mice in short days from other
populations has been well documented. Low levels of sperm is generally attributed to a
lack of FSH, LH and testosterone due to decreased GnRH secretion. A lack of these
hormones prevents sperm development and accounts for changes in testicular sperm
producing tissues (described above) and therefore sperm number. Previous studies have
found natural variation in the response of sperm counts to photoperiod in deer mice,
though the “combined hormonal milieu that regulates spermatogenesis is conserved”
among males (Blank and Desjardins, 1986). Additionally, in hamsters, short day
exposure results in morphological and histochemical changes in the epididymis that result
in drastic changes in function that compliment the lack of sperm production (Calvo et al,
1997). Changes include a decrease in diameter and production of glycoproteins which
could contribute to low sperm number and motility in the cauda epididymis in particular
(Calvo et al, 1997).
There were surprising results for one additional measure, body weight. This study
found that responsive mice in short days were significantly lighter than all other groups
of mice (Fig. 1). Significant effects of photoperiod but not line on body weight have been
previously reported in this population of animals (Heideman et al 1999, Heideman et al
2005). However, lighter body weights have been reported for several species of rodents
that are reproductively inhibited (reviewed in Prendergast et al, 2001). In general, lighter
body weights often accompany a non-breeding status (Hasson, 1990). The inconsistency
in body weight findings between this and previous studies might be a result of several
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factors. One explanation could be that in previous studies mice were from a more narrow
age range than the mice used in this study.
Perhaps the most useful analysis of an animal’s reproductive status is whether or
not a male has enough mature and motile sperm to allow fertilization of ova (Blank and
Desjardins, 1986). While the fertilization capacity was not directly measured in this
study, sperm counts are generally considered to be related to overall fertility. However, a
search of literature did not reveal how the number of sperm in the testis or cauda
epididymis is associated with fertility (number of offspring) in mice. One study reported
that electroejaculated mice required a minimum of 2.3 x 10 motile sperm per ejaculate
for successful in-vitro fertilization (Anderson et al 1993). However, it is not clear from
the literature how this number corresponds to the number of sperm in the cauda
epididymis or testis. According to the Physiology o f Reproduction Vol 7(1994), 50 x 106
is the average number of sperm present in laboratory mouse ejaculate (pg. 136).
However, I have not been able to find any primary literature source to support this
number. The data in the Physiology o f Reproduction was from Reproduction in Mammals
I Germ Cells and Fertilization (1982) which used “data from various sources” (pg. 110).
Huck and Lisk (1985) cited Blandau (1973) from the Handbook o f Physiology Sec 7
Endocrinology Vol 2 part 2 (pg 158). According to these sources the amount of sperm in
ejaculate ranged from 40-125 million sperm per ejaculate for a number of mammalian
species. The maximum number of sperm per epididymis calculated for a white-footed
mouse in this study was about 300 x 106 . It is not clear how much sperm must be present
in the epididymis of a mouse in order to produce an ejaculate with 50x106 sperm. Further
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search of the literature might be required to establish putative reproductive endpoints or,
a direct analysis of the relationship between sperm production rates, the number of
mature and motile sperm number present in the testes and cauda epididymis, and the
proportion of motile sperm in the ejaculate with pregnancy rates.
Without clear reproductive endpoints or direct measures of fertility, only tentative
conclusions can be drawn from this study about the likelihood of reproductive success for
each line. Although I was not able to uncover a more precise relationship from the
literature, mice with more sperm are likely to be more fertile, if all other factors are
i
equal. Therefore, based on the measures of spermatogenesis used, lines in long day would
be the most likely to impregnate a female, though nonresponsive mice in long days in this
study might have an advantage. Short day mice appear to have important deficits and it
would be unlikely that responsive mice in short days would be able to impregnate a
female. However, it is less clear how intermediate testis size and sperm number would
affect the fertility of nonresponsive short day mice. If nonresponsive animals cannot sire
litters in short days, this would refute the notion that these animals do not experience
significant levels of inhibition in response to winter photoperiods. This issue requires
further testing (see Chapter III for further discussion).
Response to selection
The second goal of this study was to determine if there was a correlated response
of spermatogenesis to selection on gonadal development in short days. If there was a
response of spermatogenesis to selection on gonadal development, then I predicted that as
testis mass increased so would the number of mature sperm in mice that have undergone

44

several generations of artificial selection. Two variables, seminal vesicle mass and
number of sperm in the testis, had a clear and consistent relationship with testis size
(Figs. 7-10). The relationship between the number of sperm in the cauda epididymis and
testis size varied between lines (Figs. 11 and 12).
Seminal vesicle mass had a significant and positive relationship with testis mass
for all groups (Fig 7 and 8). Those mice that were selected to have large testes in winter
also had relatively large seminal vesicles, and those mice that were selected to have small
testes in winter had relatively small seminal vesicles. This linear relationship was seen
when the effect of body weight was both included and excluded. This suggests that
seminal vesicle mass responded to selection on gonadal development.
A linear relationship between seminal vesicle mass and testis size has been
documented previously. Heideman and Bronson (1991) found a positive and significant
relationship between testis size and seminal vesicle weight (R2=0.731) in the fourth
generation of male P. leucopus selected for gonadal development in short days. The
proximate cause of the relationship between testis size and seminal vesicles might be
explained, in part, by testosterone. Previous studies have found that the weight of the
seminal vesicles is related to the activity of the testes, specifically the amount of plasma
testosterone produced (Bradley and Terman, 1981). The relationship between seminal
vesicle mass and testis size seen in this study might, therefore, be indicative of the
underlying relationship with the amount of testosterone by both structures. The results of
this study also suggest that testis size is an accurate predictor of seminal vesicle size.
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Further testing is required, however, to determine if seminal vesicle size is indeed
correlated with testosterone levels in the population of mice studied.
In addition to seminal vesicle mass, there were linear relationships between testis
mass and two direct measures of spermatogenesis: the number of sperm in the testis and
cauda epididymis. Generally, the mice that were selected to have large testes in winter
had numerous sperm in the testis while the mice that were selected to have small testes in
the winter had little or no sperm in the testis (Figs. 9-12). There were differences among
lines seen for the relationship between number of sperm in the cauda epididymis and
testis mass. Nonresponsive mice in long days and responsive mice in short days did not
have a positive correlation between testis mass and number of sperm. However, it
appears in both cases that the data points are clustered tightly together and may explain
the lack of linear relationship (Fig. 11 and 12). Therefore, testis size seems to be a good
predictor of the number of sperm in the testis and cauda epididymis for most groups of
mice, and these traits seem to have responded to selection on gonadal development.
A positive linear relationship between testis size and number of sperm in the
testes has been well documented in many animals, especially domesticated species,
including boars, sheep, swine, and cattle (as cited in Huang and Johnson, 1995).
Additionally, Heideman and Bronson (1991) reported a strong positive correlation
(R =0.786) between testis size and number of sperm in the testes in fourth generation
male P. leucopus selected for gonadal development in short days. Furthermore, various
selection regimes, including selection on testes development and size has reliably
increased sperm numbers in a variety of species (Schinckel et al, 1984). This relationship
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is not surprising because the majority of testicular tissue (over 90% in many rodents) is
sperm producing tissue. Therefore it is likely that as testes increase in size, sperm
producing tissues are also increasing. Additionally, because sperm production in the
testes in part determines the amount of sperm in the cauda epididymis it is not surprising
that there were positive correlations between testis size and sperm in the cauda
epididymis.
Positive correlations of reproductive traits with relative testis mass have been
documented among mice of a single population, and among different genera of rodents as
well (Ramm et al, 2005). Recently, there has been interest in the ultimate determinants
the development and structure of the male reproductive tract. Many of these studies have
been conducted with meta analyses using multiple genera of rodents. It has been
proposed that sperm competition is a major driving force behind the evolution of male
reproductive tract, and may explain correlations between some traits (Ramm et al, 2005).
For example, relative testis size of a population is thought to indicate the intensity of
sperm competition those animals experience (Ramm et al, 2005). Animals that
experience intense sperm competition are hypothesized to have larger testes so that they
can produce more sperm in order to compete for mates. Therefore, among populations of
animals that experience sperm competition the relationship between testis size and sperm
number is crucial to successful reproduction. In addition to producing large numbers of
sperm, males might gain an advantage if they evolve methods to ensure successful
delivery of the sperm. Therefore, it might be expected that there would be positive
associations between testis size and traits that are involved with sperm transfer. For
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example, as relative testis size increases the need for more seminal fluid, and therefore
larger seminal vesicles, might also increase. More seminal fluid could allow for the
transport of larger numbers of sperm in the ejaculate or the formation of copulatory plugs
(Ramm et al, 2005). Meta analyses have revealed interesting relationships among several
components of the male reproductive tract across several different species. However, it is
not clear how these findings apply to individuals within a population.
Correlated responses to selection can occur when there are shared physiological,
biochemical or developmental mechanisms which can indicate shared genetic covariance.
Many of the mechanisms involved with testis size, seminal vesicle mass, and number of
sperm are well studied. Discerning the genetic covariances is more complicated, since
many of these traits may rely on several different genes and gene interactions. In an
analysis with inbred lab mice, a possible linkage site between genes for testis size and
seminal vesicle size was suggested on chromosome 4, which is also associated with the
leptin receptor (Chubb, 1992). This may explain in part the association between testis
size and seminal vesicle mass.
Without replicate selection lines, we cannot know if the phenotypes seen in the
mice are a result of selection or a result of genetic drift, mutations, or founder effects
(Swallow and Garland, 2005). Therefore it is difficult to conclude with certainty that
differences between lines in traits or the relationship among traits is due to the selection
of genetic differences in photoresponsiveness. However, we have selected for both
increased and decreased gonadal development in short days and we have corresponding
changes in several traits. This may suggest that the lines are genetically distinct. Again,
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however, replicate lines are crucial determining if phenotypes have arisen from drift or
from the selection regime.
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CHAPTER III

RESPONSE OF REPRODUCTIVE BEHAVIOR TO SELECTION ON GONADAL
DEVELOPMENT OF WHITE-FOOTED MICE

Introduction
As winter approaches and days shorten some members of a mouse population
suppress reproduction while others do not. Animals that respond to short photoperiod
cues and suppress reproduction show a decrease in the levels of circulating
gonadotropins, a reduction in gonad activity and size, and decrease body weight
(reviewed in Prendergast et al 2002). While differential responses to photoperiod in
aspects of reproductive physiology such as gonad size have been explicitly studied, an
understanding of seasonal changes in reproductive behavior is lacking.
Ho Park et al (2004) recently stated that behavioral responses to short days are
often cited but rarely tested. Of the few studies that have been conducted on the response
of reproductive behaviors to short day length, most have used inbred laboratory rodents
such as Syrian (also known as Golden) hamsters (reviewed in Prendergast 2002 and Ho
Park et al 2004). Other studies have used outbred colonies of species such as Djungarian
(also known as Siberian) hamsters, prairie voles and meadow voles but these studies have
been few in number (Ferkin et al 1997). Taken together, previous studies have
documented that winter-like photoperiods cause a reduction in “performance and
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initiation” for some animals (Miemicki et al 1990). These studies were crucial in
qualifying and quantifying the general changes in reproductive behavior of animals in
short days, and the hormonal mechanisms underlying these changes. However, rodent
copulatory behavior is highly variable among different species, and so studying this
further is important (Dewsbury, 1975). In order to better understand the role of the
photoperiod pathway, and the selective or adaptive significance of given phenotypes in
nature, more behavioral studies are needed in populations that are variable and outbred.
Based on the limited studies done on laboratory rodents, many researchers assume
that as reproductive physiology responds to short days, so does reproductive behavior,
and that the changes will be the same for all individuals within a population. Previous
work has highlighted the importance of testing such assumptions, and suggests that in
some animals there is evidence for a more complex control of the hormone-behavior
relationship. Tang and Sisk (1991) showed that in ferrets, steroid negative feedback acted
on receptor sites in the brain that are anatomically separate from the brain areas
responsible for activation of behaviors. Additionally, steroid independent effects of
photoperiod on behavior have been previously documented (Prendergast, 2005). One
notable exception to the lack of recent papers on behavior is the study by Ho Park et al
(2004). This study showed that described Syrian hamsters that responded to short days by
a reduction in testis size but continued to show reproductive behaviors independent of
testosterone levels. If seasonal changes in reproductive physiology are regulated
independently of seasonal changes in reproductive behaviors in some animals, then a
responsive animal in short day lengths might have small testes but still be able to exhibit
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reproductive behaviors. Furthermore, even though some mice retain large testes in short
winter-like photoperiods, other factors may interfere with reproduction. For example, the
frequency of reproductive behaviors may be reduced. Thus, it may be possible for an
individual to retain large testes but still show a behavioral response to short photoperiods
(Zelensky, unpublished 2002). Additionally, because there is a large amount of variation
within a population in physiological responses to photoperiod, there might exist
concomitant variation in behavioral responses to photoperiod. It is therefore important to
test the assumption that mice with small testes cannot show reproductive behaviors, while
mice that retain large testes are fully capable of mating. Since understanding the potential
fertility of each phenotype is important, directly measuring the relationship between
levels of spermatogenesis and reproductive behaviors is also needed. Additionally,
because this study used Peromyscus leucopus that have undergone strong artificial
selection on gonadal development in short day lengths, these mice also provide an
opportunity to document correlated responses to selection in traits important for
reproduction such as copulatory behavior (Heideman et al, 1999).
The first goal of this study was to compare the differential response in
reproductive behaviors of males from the responsive, nonresponsive, and control lines in
short photoperiods, with respect to each other and to mice in long days. In other words, I
wanted to compare the ability of different groups of mice to exhibit reproductive
behaviors, and also to document the level of individual variation in behavioral responses
to photoperiod within groups.
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The second goal of this study was to describe the relationship between
reproductive traits such as level of spermatogenesis and/or testis size and reproductive
behaviors in mice selected for gonadal development in short days. If reproductive
physiology (i.e. spermatogenesis, testis size, etc.) and reproductive behaviors are related,
then the number of sperm in the testis and cauda epididymis will be significantly and
positively correlated with the number of mount attempts, intromissions, and ejaculations.
If reproductive traits and reproductive behaviors are not related, then the number of
sperm, or size of testis or seminal vesicles may vary independently from the number of
behaviors in some or all lines.
The third goal of this study was to test if mice that had undergone selection on
gonadal development in short days showed a correlated response to selection in
reproductive behaviors. If reproductive behaviors responded to selection on gonadal
development, I predict that as testis size increases the number of reproductive behaviors
such as mount attempts, intromissions and ejaculations will increase. If reproductive
behaviors did not respond to selection on gonadal development in short days, then testis
size may vary independent from the number of behaviors in some or all lines.
Methods
Reproductive Behavior
Descriptions of both the housing conditions, and the mice used in this study were
given in Chapter II. This experiment was designed as a 2x3 with two photoperiods, long
days (LD) and short days (SD) and three lines of male mice: R, NR, and C. A problem
with photoperiod treatment caused us to discard data from most control line mice in SD.

53

Therefore, only control line mice in LD were available for analysis. [See Chapter 2]
Sample sizes were as follows in LD: C = 14, NR = 17, R = 16 and in SD: NR =13 and R
=

12 .

To test for reproductive behaviors, male mice were paired with stimulus females
(N=32). Females were from all three lines and were fully reproductive at the time of
testing. Each female was housed in LD when not in use. At maturity (greater than 50 days
of age), each female mouse was ovariectomized using standard protocol. To summarize,
after the mouse was anesthetized with Isoflourane (10-30% in chamber, and another 3%
delivered continuously) a small section of fur was shaved off with animal clippers and the
corresponding region was sterilized with benzalkonium chloride. Sterile surgical
instruments were used to make a 3-5 cm incision dorsal to an ovary, locate the ovary,
compress blood vessels and remove the ovary. The incision was closed with a wound
clip, and then the procedure was repeated for the other ovary. The ovariectomies were
performed by one of three individuals (not the author) blind to line and photoperiod.
While anesthetized, each female was tagged on her left ear with a metal ear tag.
Before each behavior test, a stimulus female was primed with exogenous
hormones to induce estrus, using methods described in Dewsbury (1975). Dewsbury
found that an intramuscular injection of 0.06 mg of estradiol benzoate in peanut oil
vehicle 72 hours prior to behavior tests, and 0.6 mg of progesterone in peanut oil vehicle
6 hours prior to behavior tests, produced reproductive behaviors identical to that seen in
females in naturally occurring estrus. The mice in Dewsbury (1975) did not have their
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ovaries removed, a difference from the procedure used in this study. Females were used
in a behavior test no more than once every 6 days. This pattern of use was determined in
pilot work. If females were used too frequently (every 3 or 4 days) they were prone to
uterine infections. The infections may have been a result of immune-suppressing qualities
of the hormones used to prime each female into estrus.
Male mice were paired with a stimulus female for an initial practice night and a
subsequent test night. If no reproductive behavior occurred on the test night, male mice
were retested. A different stimulus female was used in each encounter. Prior to the
practice pairing, all males were inexperienced and had never been directly exposed to a
female since weaning. In pilot work, I observed that mature but inexperienced males in
long days often showed reproductive behaviors that were inconsistent and awkward. On
the second night after the practice test, I paired each male with another stimulus female
and videotaped for eight hours. I scanned each videotape the next day. If a male did not
exhibit reproductive behaviors (i.e. show at least one intromission) the male was re-tested
and videotaped for a second time one or two nights later. The re-testing was done at least
four days after initial contact with a stimulus female on the practice night. Artega et al.
(2000) reported that male hamsters required 72 hours after mating to satiation to recover
the full spectrum of reproductive behaviors. If P. leucopus are similar, then a male
mouse that mated to satiety on the practice night of pairing might not be able to show
behaviors during a behavior test two nights later. However, a second pairing at least four
nights after the practice exposure would allow a male to recover and show normal
reproductive behaviors.
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For each practice pairing, test, and retest, the male and female mice were placed
in separate halves of a 10-gallon glass observation chamber separated by a wooden
divider and allowed to acclimate for 3-7 hours. The design was adapted from
E. Rissman and is described in the literature (Burns-Cusato et al 2004 and Nelson 2005)
[See Appendix III for additional comments on behavior methods]. For each round of
testing, the side of the chamber in which the male was acclimated was rotated, so that on
one night the male would be acclimated on the right side on the chamber and on the next
test the left side. Each mouse had access to food, water, and one-half of a cotton beddingsquare in their respective halves of the observation chamber. After acclimation, I
removed the barrier separating the two mice and one water bottle. During the test
pairings, the mice were videotaped during the dark phase in dim red light using a four
head VCR (Panasonic, model number PV-VS4821) and a 1/3” CCD black and white
camera (Lorexpro, model number CVC 698IP). All mice were videotaped for a total of
eight hours from approximately 9:00pm to 5:00 am EST. Dewsbury (1975) found that
reproductive behaviors were most consistent during the middle of the dark phase. Taping
for eight hours allowed me to record the entire dark phase for LD animals, and the middle
portion of the dark phase for SD animals. I separated the male and female mice 17-28
hours following initial placement in the observation chamber. After each behavior test
and re-test, I checked the female’s reproductive tract for the presence of sperm by vaginal
lavage with saline. I used a sterilized (70% ethanol) and disposable Pasteur pipette with
fire-polished, rounded edges for the lavage. The presence or absence of sperm (i.e. sperm
positive or negative), amount of white blood cells and size of epithelial cells were noted.
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Between each practice and test, I washed the behavior chamber, plastic lids and
metal parts of the water bottle holders with warm soapy water. I wiped each with a 70%
ethanol solution after they were dry. I washed the wooden components (barrier and water
bottle stand) with warm soapy water but did not wipe with alcohol.
In order to tally the reproductive behaviors exhibited by each male mouse, one of
four researchers who was blind to both line and photoperiod watched the videotapes. In
order to allow the researchers to be blind to photoperiod, I scanned all tapes to establish
when initiation of reproductive behaviors occurred. “Initiation” was defined as the first
mount attempt, intromission, or ejaculation exhibited by the male. Beginning with
initiation, observers tallied male behaviors for a total of 120 minutes. Observers could
distinguish male and female mice by the location of the ear tag. As previously described,
males had an ear tag on the right ear and females had an ear tag on the left ear. Some
females were also distinguishable because they often had bald spots near their leg from
having their fur shaved before the ovariectomy surgery or a dark spot on the leg from oil
leakage at the site of injection. Descriptions of the male reproductive behaviors that we
tallied are given in Table 4 (adapted from Dewsbury 1975). Approximately 7% of the
tapes were re-watched to assess the consistency and repeatability of the behavior tallies
recorded by each researcher.
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TABLE 4
DEFINTITIONS USED BY VIEWERS TO IDENTIFY IMPORTANT MALE
REPRODUCTIVE BEHAVIORS ON VIDEO TAPE

Definition
The male grooms the female’s genitals > 2 seconds
(distinguish from investigative sniffs <2 seconds)
The male closely chases the female for > Vi the length
of the cage, or for the entire width of the cage
Mount Attempt The male climbs on the female from behind, while
showing a characteristic paw motion along the
female’s flanks
Intromission The male exhibits a mount ending in a single
intravaginal thrust usually followed by the male
genitally grooming self. Long intromossions were also
included. This was defined as an intromission in
which the male remained mounted for an extended
period of time.
Ejaculation
The male exhibits a mount ending in an intravaginal
thrust followed by an exaggerated vertical dismount
and often a pause in interest behaviors. The female
may also chase the male around the cage following an
ejaculation.

Behavior
Genital
GG
Grooming
P
Pursuit
MA

I

E
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Observers recorded data on the number of genital grooming and pursuits, but
excluded them from our results because analysis suggested inconsistency among
observers. In addition to mount attempts, intromissions and ejaculations, we recorded the
latency to initiation, latency from initiation to first intromission, and latency from
initiation to first ejaculation. Also, observers recorded the presence or absence of female
lordosis behavior as a way to determine if a female had been successfully primed for
receptivity by hormone treatment. I did not include data for lordosis in the results because
of inconsistencies in recording the presence of lordosis for the behavior tests. For those
mice with negligible or no reproductive behaviors on night one, I used data from the
second behavior test. In other words, I present behavior data from a “combined” behavior
data set with night two data replacing night one for mice that did not mate during the first
behavior test.
Weights and fertility measures
5-12 days after the first practice exposure to a stimulus female, each male mouse
was euthanized using CO . I measured body, paired testes (T) and empty seminal vesicle
(SV) masses. A description of the methods used to assess the number of sperm in the
cauda epididymis and testes, and amount of motile sperm are given in Chapter II.
Statistics
I used Chi-square tests to compare the number of mice that initiated reproductive
behaviors on night one and night two of testing between lines within SD and LD.
Additional Chi-square analyses were done to detect differences within NR lines, and R
lines in different photoperiods. I used Chi-square analyses to detect differences in the
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number of “sperm positive females” between NR and R mice in SD, and between mice in
SD and mice in LD.
I used two way ANOVAs on each behavior to detect effects of line, photoperiod,
and interactions between the effects of lines and photoperiod. A one-way ANOVA was
done only among long day in order to include C line LD mice in the analyses. I
transformed the number of behaviors (square root) to fit to normal distribution. I present
the untransformed data in all figures in the results.
Correlations were used to determine the relationship between testis size and
reproductive behaviors and also reproductive behaviors and measures of spermatogenesis
for all lines in both photoperiods (see Chapter II for a description of transformations).
Correlations were done with and without residuals of testis mass on body mass. Residuals
were included in the analyses because ANCOVA revealed a significant effect of the
covariate, body mass, on the dependent variable. In addition, correlations were used to
test the relationship between several other variables: hour 1 and hour 2 data for each
reproductive behavior, acclimation time and frequency of each reproductive behavior,
total time in the observation chamber and frequency of each reproductive behavior, total
time exposed to the female and the frequency of each reproductive behavior, age at
behavior test and the frequency of each reproductive behavior, and the number of days
from first exposure to female and frequency of each reproductive behavior.
Probabilities <0.05 were considered to be significant. All statistical analyses were
done using Statview 4.5 or Super ANOVA (Abacus Concepts, Inc.) on a Macintosh.
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There were no significant correlations between any of the following: hour one and
hour two data for each reproductive behavior, acclimation time and number of each
reproductive behavior, total time in the observation chamber and number of each
reproductive behavior, total time exposed to the female and the number of each
reproductive behavior, age at behavior test and the number of each reproductive behavior,
and the number of days from first exposure to female and number of each reproductive
behavior. These variables are not considered further.
I used Chi-square analyses to determine any differences between groups in the
categorical data on the presence or absence of initiation of reproductive behaviors on
night one and night two of testing (Fig. 13 and 14). This allowed me to test whether or
not all mice were equally likely to initiate reproductive behaviors. There were no
differences between lines in LD in the proportion of males that initiated reproductive
behaviors on either the first or second night of testing. R mice in SD had the smallest
proportion of mice that initiated behaviors on night one of testing, and these were
significantly different from NR mice in SD (x2= 14.547, pO.OOOl), and R mice in LD
(x =12.253, p= 0.0005). Further analyses revealed that NR mice in SD were not
significantly different from NR mice in LD (x2=0.305, p>0.05). Among the mice that
were retested, the number of R mice in SD that showed behaviors was not significantly
different from other lines in the proportion of males that initiated reproductive behaviors
on the second night of testing (p>0.05) (Fig 14). The total number of R mice in SD that
initiated behaviors on both night one and night two of testing differed significantly,
however, from R mice in LD (x2=4.996, p=0.025).
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For those mice that initiated behaviors on either night one or night two of testing,
I analyzed the effect of line, photoperiod, and the interaction of the effect of line and
photoperiod on the number of mount attempts, intromissions, and ejaculations using
ANOVA. This allowed me to determine if there were any significant differences among
the subset of mice that initiated behaviors. Analysis revealed that there was not a
significant effect of line or photoperiod, nor a significant interaction of line and
photoperiod on any reproductive behaviors. In addition, ANOVA revealed that there was
not a significant effect of line, photoperiod, or an interaction of line and photoperiod on
the latency to initiation, latency to intromission, or latency to ejaculation (Fig 15-17). An
ANOVA did reveal a significant effect of the observer on the number of ejaculations
recorded for night one (F=6.82, p=0.0003) but a nonsignificant effect of the viewer for
mount attempts and intromissions for night one, and for all behaviors on night two
(p>0.05). See Appendix II for means.
I also analyzed the number of sperm positive females after each behavioral test
(Fig 18). Chi-square analysis revealed that NR and R lines in SD did not differ
significantly in the presence or absence of sperm in the female from each other
(X2=2.182, p>0.05). LD mice had significantly more incidents of sperm positive females
than SD treatments (X2= 14.094, p=0.0002). Additional Chi-square analyses revealed that
males in which we observed a clear ejaculation were more likely than other males to
leave detectable sperm in the female reproductive tract (X2=8.4, p=0.0038) (Table 7).
However in some cases sperm were found even when no ejaculation was identified by a
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viewer (Table 7). R mice in SD were the only group with no sperm positive females (Fig
18).
In order to evaluate the relationship between spermatogenesis and number of
reproductive behaviors, I used correlations to evaluate the relationship between number
of sperm in the testes with mount attempts, intromissions, and ejaculations for both lines
in both photoperiods (Table 5). There were very few significant relationships with any of
the measures of spermatogenesis used. NR mice in SD had a positive and significant
relationship between number of ejaculations and sperm in the testis. There were no
significant relationships between seminal vesicle mass or number of sperm in the cauda
epididymis and number of reproductive behaviors (data not shown).
In order to test whether there was a response of reproductive behaviors to
selection on gonadal development in short days, I analyzed the relationship between
paired testis mass and mount attempts, intromissions, and ejaculations for both lines in
both photoperiods (Table 6). I also wanted to test if the number of reproductive behaviors
exhibited by a mouse could be predicted by measuring testis size. There were very few
significant relationships between testis mass and any of the three reproductive behaviors.
There were two marginally significant relationships. R mice in SD had a positive
relationship between testis mass and then number of intromissions and NR mice in SD
had a positive relationship between testis mass and the number of ejaculations. However,
when the residual of testis mass on body weight was used these relationships were not
significant. For one group, NR mice in LD, there was a positive and significant
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relationship between testis mass and the number of mount attempts both with and without
the use of residuals (Figs. 19-24).
In the analyses described above, the C mice in LD were similar to R and NR mice
in LD for the number of reproductive behaviors (data not shown). There were no
significant relationships between spermatogenesis or testis mass with any reproductive
behaviors for C mice in LD (data not shown).
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TABLE 5
RESULTS OF CORRELATION ANALYSES FOR THREE REPRODUCTIVE
BEHAVIORS AND ONE MEASURE OF SPERMATOGENESIS (TOTAL SPERM IN
THE TESTIS) FOR NONRESPONSIVE AND RESPONSIVE MICE IN LONG AND
SHORT PHOTOPERIODS

LD

NR

SD

NR

SD

R

R

Mount attempts and
sperm in the testis
R^= -0.520
p=0.0562
R2=0.128
p=0.6438
R ^ - 0.315
p=0.3563
R^=0.121
p=0.8630

Intromissions and
sperm in the testis
Rz= -0.205
p=0.4899
R^= - 0.212
p=0.4381
RM).510
p=0.1116
R2=0.467
p=0.4737

Ejaculations and
sperm in the testis
R/=0.126
p=0.6739
II

Line

i
o
©
00

Photo
period
LD

p=0.9478
Rz=0.691
p=0.0161
R2= -0.260
p=0.7072
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TABLE 6
RESULTS OF CORRELATION ANALYSES FOR THREE REPRODUCTIVE
BEHAVIORS AND PAIRED TESTIS MASS FOR NONRESPONSIVE AND
RESPONSIVE LINES IN LONG AND SHORT PHOTOPERIODS

Photo
period
LD

Line

LD

R

SD

NR

SD

R

NR

Mount attempts
and testis mass
Rz=0.578*
p=0.0175
R2= -0.440
p=0.1018
R2=0.003
p=0.9939
R2=0.636
p=0.2879

Intromissions
and testis mass
R2= -0.047
p=0.8651
R2= -0.293
p=0.2960
R2=0.349
p=0.3022
Rz=0.889
p=0.0449

Ejaculations
and testis mass
R2= -0.085
p=0.7574
R2= -0.062
p=0.8292
Rz=0.600
p=0.0497
R2=0.616
p=0.3096

*Indicates a significant relationship when the residuals of testis mass on body mass were
used in the alternate analyses
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TABLE 7
RELATIONSHIP BETWEEN EJACULATIONS IDENTIFIED ON VIDEOTAPE AND
THE NUMBER OF SPERM POSITIVE OR SPERM NEGATIVE FEMALES ON THE
DAY FOLLOWING COPULATORY BEHAVIOR TESTS

Sperm
negative
Sperm
positive

Ejaculations
not recorded

Ejaculations
recorded

31

12

10

17
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FIGURE 13
PERCENTAGE OF NONRESPONSIVE AND RESPONSIVE MICE THAT
INITIATED REPRODUCTIVE BEHAVIORS ON NIGHT ONE OF COPULATORY
TESTING
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FIGURE 14
PERCENTAGE OF NONRESPONSIVE AND RESPONSIVE MICE THAT
INITIATED REPRODUCTIVE BEHAVIORS ON NIGHT TWO OF COPULATORY
TESTING
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FIGURE 15
NUMBER OF MOUNT ATTEMPTS FOR NONRESPOSIVE AND RESPONSIVE
MICE IN LONG AND SHORT PHOTOPERIODS (MEAN ± Cl)
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FIGURE 16
NUMBER OF INTROMISSIONS FOR NONRESPONSIVE AND RESPONSIVE MICE
IN LONG AND SHORT PHOTOPERIODS (MEAN ± Cl)
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FIGURE 17
NUMBER OF EJACULATIONS FOR NONRESPONSIVE AND RESPONSIVE MICE
IN LONG AND SHORT PHOTOPERIODS (M EAN±Cl )
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FIGURE 18
PERCENTAGE OF SPERM POSITIVE AND SPERM NEGATIVE FEMALES AFTER
COPULATORY BEHAVIOR TESTS WITH NONRESPONSIVE AND RESPONSIVE
MALES IN LONG AND SHORT PHOTOPERIODS
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FIGURE 19
RELATIONSHIP BETWEEN NUMBER OF MOUNT ATTEMPTS AND PAIRED
TESTIS MASS FOR NONRESPONSIVE AND RESPONSIVE MICE IN LONG DAY
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FIGURE 20
RELATIONSHIP BETWEEN NUMBER OF MOUNT ATTEMPTS AND PAIRED
TESTIS MASS FOR NONRESPONSIVE AND RESPONSIVE MICE IN SHORT DAY
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FIGURE 21
RELATIONSHIP BETWEEN NUMBER OF INTROMISSIONS AND PAIRED
TESTIS MASS FOR NONRESPOSIVE AND RESPONSIVE MICE IN LONG DAY
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FIGURE 22
RELATIONSHIP BETWEEN NUMBER OF INTROMISSIONS AND PAIRED
TESTIS MASS FOR NONRESPOSIVE AND RESPONSIVE MICE IN SHORT DAY
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FIGURE 23
RELATIONSHIP BETWEEN NUMBER OF EJACULATIONS AND PAIRED TESTIS
MASS FOR NONRESPOSIVE AND RESPONSIVE MICE IN LONG DAY
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FIGURE 24
RELATIONSHIP BETWEEN NUMBER OF EJACULATIONS AND PAIRED TESTIS
MASS FOR NONRESPOSIVE AND RESPONSIVE MICE SHORT DAY
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Discussion
Reproductive Behaviors
The first goal of this study was to evaluate differences in reproductive behaviors
of lines of artificially selected mice that were raised in either short or long days. On the
first night of testing, the proportion of responsive mice in short days that initiated
reproductive behaviors (8.3%) was small compared to all other groups (>75%) (Fig 13
and 14). On the second night of testing, the proportion of responsive mice in short days
that initiated reproductive behaviors increased to 41.6% (Fig. 14). Taken together, the
results of this study suggest that responsive line mice are the least likely to engage in
mating behaviors. Even in the presence of a receptive female, less than half of these mice
mated. In contrast, long day mice and nonresponsive mice in short days were more likely
to engage in mating behaviors when exposed to a receptive female. Once a mouse
initiated copulatory behavior, there was no difference between groups in the latency to or
frequency of mount attempts, intromissions, or ejaculations regardless of line and
photoperiod (Fig. 15-17). There were, however, significant differences between
photoperiods in the number of sperm positive females (Fig. 18). Both lines of mice in
short days had significantly lower incidence of sperm-positive females than the long day
mice. Responsive mice in short days, in fact, completely lacked sperm positive females.
As a whole, the results of this study suggest that responsive mice raised in short days are
the least likely to initiate mating, and if they do, are not likely to deposit detectable levels
o f sperm in a female. Nonresponsive mice raised in short day are just as likely as long
day lines to initiate mating, but may not be able to deposit detectable levels of sperm in a
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female as frequently as long day mice. Furthermore, mice raised in long days will reliably
mate with an estrus female and are more likely to deposit detectable levels of sperm in a
female.
For a mouse to exhibit normal steroid-dependent mating behaviors, adequate
levels of androgens are required as well as, androgen receptors, and enzyme function (to
allow sex steroids to properly stimulate, directly and indirectly, nuclei within the brain in
response to appropriate environmental stimuli). The majority of progress on
understanding the hormonal and neuroendocrine mechanisms involved in regulating
seasonal changes in reproductive behavior has been made using Syrian hamsters as the
animal model. Studies have shown that responsive hamsters in short days show a
decrease in the amount of circulating testosterone (Prendergast et al, 2002). This has been
documented in several other species of rodents, including deer mice (Blank and
Desjardins, 1986). However, in short day castrated hamsters, testosterone
supplementation does not fully reinstate mating behaviors (Prendergast et al 2002). These
animals were deficient in many components of successful mating including latency to
first intromission and number of intromissions per ejaculation, suggesting that the
substrate on which hormones act changes in response to photoperiod (reviewed in
Prendergast et al 2002). Additionally, aromatase activity in the anterior hypothalamus
(but not MPOA) is also affected by exposure to short day in hamsters (reviewed in
Prendergast et al 2002).
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The behavioral studies on Syrian hamsters may give clues as to the source of the
behavioral deficits seen by a large proportion of responsive P. leucopus in short days.
Perhaps reduced testosterone levels, receptor binding, receptor affinity, and/or aromatase
activity in important brain regions (MPOA or amygdala) could be responsible. In the
population of mice studied, responsive mice have 50% fewer neurons immunoreactive for
mature GnRH (Avigdor et al, 2005). This could be one additional factor that contributed
to the relatively low proportion of responsive short day animals initiating mating. This is
requires further testing.
Slightly more than 40% of responsive animals, in spite of being reproductively
inhibited, engaged in mating behaviors by night two of testing, with two males mating to
ejaculation (Fig 14). Ho Park et al (2004) reported that a subset (50%) of reproductively
inhibited hamsters was able to continue to exhibit ejaculations even though testis size and
testosterone levels were markedly reduced. The apparent lack of dependence on gonadal
steroids for reproductive behaviors in some of these animals is not well understood, and
would be interesting to study. Possible mechanisms for these finding are unknown,
though possibilities such as nongonadal sources of estrogen or “de novo neurosteriods”
have been suggested (Ho Park et al, 2004). Recently, non-steroidal activation of androgen
receptors has been documented in the control of lordosis, an important female proceptive
behavior (Auger 2004).
The increase in the proportion of responsive mice in short days that showed
reproductive behaviors increased from night one (8.3%) to night two (41.6%) (Fig 13 and
14). This was the largest increase seen for any line between the two behavioral tests. One
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possible explanation is that exposure to an estrus female has a stimulatory effect on
photoinhibited mice. In hamsters, exposure to a long photoperiod female speeds up
recovery of reproductive behaviors (Prendergast et al 2002). However, short day gonadal
regression is not prevented in P. leucopus when housed with a female as it is in hamsters
(Pyter et al, 2005). In fully reproductive house mice, exposure to a female can cause
increased secretion of many hormones, including a rapid peak (within 30 minutes) in
plasma testosterone levels. A time course of six days would allow for the
nontranscriptional, and perhaps transcriptional, effects of testosterone to be seen (James
and Nyby, 2002). It is not clear, however, what the testosterone producing capabilities are
of responsive mice in short days from this population. It may be that some individuals in
this species can show immediate behavioral responses to the presence of a female
independent of gonad size or activity. Also, it could be that inhibited mice can show
reproductive behaviors, but have a 5 or 6 day latency to mount following exposure to an
estrus female. Long mount latencies of more than two days were associated with reduced
fertility in short day female voles (Meek and Lee, 1993).
Once a mouse initiated reproductive behaviors there were no differences between
groups in the number of mount attempts, intromissions, or ejaculations or in the latencies
to each behavior (Fig 15-17). It has been suggested that different behaviors may have
different hormonal requirements (Nelson, 2005). The ranges of testis mass and seminal
vesicle mass for mice that ejaculated in this study were 97.4 - 592.1 mg and 7.8 - 125.6
mg respectively (Fig 23 and 24, figure for seminal vesicle mass not shown). This
suggests a large range in gonad activity and presumably testosterone levels. However,
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testosterone levels are only one of several essential components required for displays of
mating behaviors. Even though the mice that showed reproductive behaviors differ in
testis size, seminal vesicle size, and possibly testosterone, they could be similar in
testosterone receptor binding and affinity, aromatization of estradiol, estradiol receptor
binding and affinity and 5-alpha reduction of DHT among other numerous possibilities.
These variables have yet to measured in these mice.
One additional measure, the number of sperm positive females, was used to
evaluate the reproductive capacity of each mouse. Generally, short day mice were less
likely than long day mice to deposit detectable levels of sperm in the female (Fig. 18).
While nonresponsive mice in short day engaged in mating behavior as consistently as
long day lines, they had low numbers of sperm positive females. This may be due in part
to intermediate levels of sperm in the cauda epididymis of nonresponsive short day mice,
compared to lines in long day (see Chapter II). Some nonresponsive mice in short days
that ejaculated may have had sperm numbers so low as to preclude finding sperm in the
female the next day.
Correlations between spermatogenesis and reproductive behaviors
The second goal of this study was to determine the relationship between
spermatogenesis and reproductive behaviors. I failed to detect a significant correlation
between spermatogenesis and a number of reproductive behaviors. Above a certain value
for each measure, mice showed equal numbers of mount attempts, intromissions, and
ejaculations regardless of line or photoperiod.

84

For a mouse to exhibit normal reproductive behaviors, several different neural,
hormonal, and environmental components must be coordinated (see Chapter I ). For
example, testosterone acts on many different tissues (brain, muscle, accessory glands) in
different ways leading to activation or deactivation of various downstream targets.
Additionally, there are many hormonal and physiological determinants for the number of
sperm. Because both are complex traits, a direct linear relationship between a measure of
spermatogenesis and frequency of a reproductive behavior might be highly unlikely. This
was generally corroborated by a lack of evidence for such relationship in the literature.
Although linear relationships were not present, some general patters can be
discerned from the data. Responsive mice in short days had small numbers of sperm and
were the least likely to mate. Mice in long day had high numbers of sperm and were the
most likely to mate. Except in animals that are classified as dissociated breeders, such as
the red garter snake, the level of spermatogenesis and ability to copulate are generally
associated and so this finding is not surprising (Nelson, 2005 ).
In spite of these broad generalizations, one must use caution when assuming an
individual’s ability to engage in mating behavior based on the level of spermatogenesis.
Nonresponsive mice in short day had intermediate numbers of sperm but engaged in
mating behavior as consistently as long day lines. Furthermore, even though short day
animals had reduced sperm counts and low motility, they occasionally engaged in
reproductive behaviors. This suggests that mice with even a few sperm will attempt to
mate on occasion. Additionally, a percentage of long day males from each line (about
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5% ) did not engage in mating behaviors in spite of large numbers of mature and motile
sperm. This suggests that mice with abundant sperm will fail to mate on occasion.
Response o f reproductive behaviors to selection on gonadal development
The final goal of this study was to determine the response of reproductive
behaviors to selection on gonadal development. There were very few significant
relationships between testes mass and the number of reproductive behaviors, irrespective
of line and photoperiod (Fig 19-24). Based on these results, there was not a linear
response in the number of reproductive behaviors to selection on gonadal development
and within the population studied the frequency of reproductive behavior cannot be
predicted from testis size. However, the ability of a mouse to initiate mating may have
responded to selection on gonadal development, though not in a linear manner.
As discussed previously, a linear relationship between a complex trait such as
testis size or number of sperm and the number of reproductive behaviors might be highly
unlikely. Both testis size and frequency of reproductive behaviors are a measure of many
complex interactions ultimately depending upon several factors including gene-gene,
gene-endocrine, paracrine, endocrine, and environmental interactions. Almost all of the
mice that had a paired testis mass greater than 100 mg were able to exhibit reproductive
behaviors at equal rates. This suggests a threshold effect, though this was not directly
measured in this study.
Some instances of linear relationships with reproductive behaviors have been
reported in the literature. One recent paper found several significant linear relationships
between copulatory behavior and relative testis size (as a measure of the level of sperm

86

competition), among several rodent species (Stockley and Preston 2004 and Dixson and
Anderson 2004). Rodent species that show multiple intromissions have a significant
(negative) correlation between relative testis size and inter-intromission interval, and
ejaculation latency. For rodents that show multiple ejaculations, there was also an
association between testes size and shorter post ejaculatory intervals (Stockley and
Preston 2004). Additionally, testis size was related to the number of ejaculations.
Previous studies have also documented positive correlations between inter-intromission
interval and post ejaculatory interval. However, the number of intromissions per
ejaculation was not related to relative testis size.
The studies that documented linear relationships between testis size and measures
of reproductive behaviors all involved meta analyses with a variety of rodent and primate
genera. It is not clear how these relationships among taxa relate to individuals within a
species. It is generally thought that P. leucopus, and many other species of rodents,
experience intense sperm competition. It may be that the mice from this study that invest
different amounts of energy into testis and sperm production in winter would experience
differing levels of sperm competition in the wild. It might, therefore, be expected that
within a species, there would be similar relationships between reproductive behavior and
testis size as documented among species. Many of the positive associations listed for the
meta analyses were not tested in this study, while others that were tested seemed to show
a different relationship (not significantly correlated in this study).
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Future directions and final thoughts
The results of this study highlight the need for more research in several areas.
Only tentative conclusions can be made about the differential fertility of the lines of
mice. Before specific conclusions about the reproductive capacity of the mice
in our lab can be drawn, fertility (i.e. the number of offspring produced) would need to be
directly measured. This is especially important in this species as other studies have shown
that reproductive capacity does not always correspond with fertility. For instance,
Dewsbury found that P. leucopus who were allowed to mate to satiety initiated pregnancy
only 20% of the time (1976). Female white-footed mice never became pregnant when
only one copulatory series was noted, even though sperm were present in vaginal smears
(Dewsbury, 1976). Blank and Desjardins found that Peromyscus in long days with testes
index of greater than or equal to 54 mm reliably impregnated females (percentages were
not given) (1986). Only 22 % (n=17) of mice in this study ejaculated more than once, and
only 12% (n=9) of mice had a testis index greater than 54 mm . Based on these numbers,
the number of males able to sire offspring would have been low. These findings suggest
that studying the effect of female choice, both pre and post-copulatory, and documenting
reproductive endpoints may be a crucial requirement when studying reproductive success
in this species.
The ability to estimate the fertility of an individual mouse by measuring testis size
would be a useful tool. This would allow researchers to make inferences about
complicated physiology and behavior without time and labor intensive studies. Based on
the findings of this study, testis size is a fairly good indicator of seminal vesicle mass and

sperm number (see Chapter II) but not reproductive behaviors. It may be that there is a
more meaningful measure of reproductive behavior that corresponds to testis size. Some
of the data collected during this study that was not used includes the number of
intromissions in each copulatory series (i.e. the number of intromissions preceding each
ejaculation), and the time between each ejaculation. Perhaps these or some other measure
correlate better with testis size. A recent review of male sexual behavior studies in lab
mice suggested a need for standardizing behavior methods in general, including repeating
each test three times (Burns-Cusato et al, 2004). Perhaps in addition, a comprehensive
evaluation of the variables that are important for successful mating for wild-derived
animals would be useful. Though there are many logistical challenges, studying rodent
copulatory behavior in the field could provide insight into what is most important to
focus on in the laboratory.
Furthermore, there are several important questions still remaining about
behavioral responses to short day lengths. First, documenting reproductive behaviors (and
spermatogenesis) of control line mice in short days would be important for comparisons
between lines. Also, there have been very few studies documenting the behavioral
responses of animals undergoing gonadal recrudescence. One study noted that animals
regained copulatory behaviors several weeks prior to re-establishing spermatogenesis
(Honrado et al 1991). Documenting this process in outbred species, and comparing the
process between lines might provide useful insight into costs or benefits of a given
phenotype across a winter season. Additionally, a need for behavioral studies that
evaluate the responses to photoperiod in conjunction with other environmental factors
such as temperature has been suggested (Prendergast et al, 2005). One could conceive of
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other important environmental factors to evaluate as well, including food quality or
quantity, population density and perceived predation risk.
For many years, reproductive biologists have been interested in understanding
how reproduction is regulated by ambient cues (Bronson, 1989). Because many mammals
experience seasonal changes of some sort, it may be a fitness advantage to limit
reproduction to certain times of the year (Bronson, 1989). However, within a population
individuals can exhibit very different reproductive strategies. In this population of P.
leucopus, responsive animals in short days are inhibited in many important aspects of
reproduction, including spermatogenesis and the ability to initiate reproductive behaviors.
Nonresponsive mice in short days have intermediate levels of spermatogenesis but were
not inhibited in reproductive behaviors. Conversely, most mice in long days are
reproductively competent. Additionally, there were numerous positive correlations
between testis size and measures of spermatogenesis, but there very few correlations with
any of the variables measured and reproductive behavior. Relationships with reproductive
behavior might be better explained by a threshold, though this was not tested in this
study. The results of this study and previous work, taken together, suggest that different
phenotypes likely experience very different costs and benefits during winter conditions,
though the fitness consequences of the different phenotypes are not known. Previous
work has shown that the different phenotypes are likely due to genetically-based
individual variation in brain structure and function. Continued work is needed to
categorize the physiological and behavioral correlates and fitness consequences of
individual variation in complex brain pathways in general.
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APPENDIX A
METHODS AND CALCULATIONS FOR TOTAL SPERM IN THE TESTIS AND
CAUDA EPIDIDYMIS
Each testis and cauda epididymis was homogenized in a total of 2 ml sperm
grinding solution. For mice with large testes (approximately 0.200 grams or more), an
additional 1/5 dilution was performed (400 ul of sperm solution taken from the original 2
ml solution and added to 1600 ul sperm grinding solution). I counted mature sperm
heads in the T and CE in five hemacytometer squares in a diagonal pattern. The same
squares were used for all counts except if a large amount of debris made accurate
counting difficult. In this case I counted sperm in the square to the right or below the
preselected square. I used a vortexer for approximately 10 seconds to suspend the sperm
before extracting a portion of the solution. Once I counted the number of sperm in each
of the five squares, I used the following to calculate the total number of sperm in the
entire testis.
Average # of sperm counted per square = Total # of sperm per testis
Volume of one square
Total volume
Average # of sperm counted per square = raw number of sperm counted in each square
divided by 5
Volume of one square = lx l O’4 ml
0.1 x 0.1 x 0.1 mm = 0.001 mm3
1 cm3 = 1 ml so 1 mm3 = 0.001ml
therefore 0.001 mm3 = 0.000001ml or lx l0 '6ml
Total # of sperm per testis = x
Total volume = 2 ml (for undiluted samples)
2 ml x 1/5 = 10 ml (for diluted samples)
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APPENDIX B
MEAN, STANDARD ERROR (), AND SAMPLE SIZE (N=) OF VARIABLES FOR
CONTROL (C), NONRESPONSIVE (NR), AND RESPONSIVE (R) MICE IN LONG
DAY (LD) AND SHORT DAYS (SD)
Line and photoperiod
Body weight (g)

Testis mass (g)

Seminal vesicle
mass (g)
Number of sperm in the
testis (10a6)
Number of sperm in the
cauda epididymis
(10a6)
Latency to mount
(minutes)
Intromission latency
(minutes)
Ejaculation latency
(minutes)
Number of mount
attempts
Number of
intromissions
Number of ejaculations

CLD

NR LD

RLD

NR SD

R SD

19.51
(1.02)
N=14
0.3562
(0.0111)
N=14
0.0640
(0.0017)
N=14
96.14
(4.66)
N=14
156.36
(15.69)
N=14
166.6
(28.8)
N=12
12.8
(8.3)
N=10
28.8
(17.8)
N=5
12.6
(5.6)
N=12
13.2
(3.3)
N=12
0.9
(0.5)
N=12

21.62
(0.60)
N=17
0.5037
(0.0207)
N=17
0.0767
(0.0044)
N=17
126.94
(7.83)
N=17
194.81
(14.82)
N=16
138.1
(21.4)
N=16
4.3
(2.11)
N=15
19.0
(14.8)
N=ll
15.5
(4.2)
N=16
10.8
(2.7)
N=16
1.8
(0.4)
N=16

20.73
(0.82)
N=16
0.3054
(0.0218)
N=16
0.0600
(0.0059)
N=16
84.05
(7.36)
N=15
93.75
(13.62)
N=15
121.7
(21.3)
N=14
2.2
(1.0)
N=12
7.5
(7.1)
N=6
16.9
(4.0)
N=15
11.8
(2.8)
N=15
1.3
(0.6)
N=15

20.61
(1.10)
N=13
0.2824
(0.0325)
N=13
0.0314
(0.0057)
N=13
52.46
(8.86)
N=13
46.09
(12.49)
N=13
153.5
(38.5)
N = ll
9.7
(5.0)
N = ll
17.6
(7.0)
N=5
24.4
(8.2)
N=ll
16.0
(5.0)
N=ll
1.1
(0.4)
N=ll

17.23
(0.78)
N=12
0.0827
(0.0140)
N=12
0.0065
(0.0017)
N=12
6.48
(2.58)
N=12
1.45
(0.87)
N=12
195.0
(47.2)
N=5
0.0
(0.0)
N=5
43.5
(36.5)
N=2
13.0
(7.2)
N=5
16.8
(9.0)
N=5
0.8
(0.6)
N=5
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APPENDIX C
FURTHER CONSIDERATIONS FOR REPRODUCTIVE BEHAVIORS
Reproductive behavior in P. leucopus has been thoroughly documented, most
notably by Dewsbury (1975). Generally, Dewsbury classified P. leucopus as a type 13
breeder. These mice are characterized by an absence of intravaginal locking, intravaginal
thrusting, and the presence of multiple intromissions and ejaculations. Other rodent
species classified as type 13 breeders include hamsters and rats (Dewsbury, 1975).
The profile of reproductive behavior for long day mice differed somewhat from
Dewsbury’s findings. For instance, Dewsbury (1975) found that the mean number of
ejaculations for P. leucopus mating to satiety was 2.7 (SE=0.2). The highest mean
number of ejaculations seen in a group of mice in this study was (NR in long days) 1.8
(SE=0.4) (Fig. 11).
Behavioral studies on small nocturnal mammals provide several challenges. In the
laboratory, tallying behaviors from these animals can be difficult. Behaviors often
occurred in rapid succession (ex. 20 or more intromissions in 5 minutes), and would be
nearly impossible to tally if not recorded on video tape. However, tallying behaviors from
video tape is a time consuming process and therefore requires multiple viewers. Multiple
viewers can introduce additional noise into an already noisy data set. Due to time
constraints, I was only able to rewatch a small percentage of videos from which data was
reported. Finding methods to reduce noise in the data may be required for future projects.
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In addition to tallying behaviors, identifying behaviors, especially ejaculations,
can also be challenging. While mount attempts and intromissions were fairly consistent
among males, there seemed to be individual differences among mice in ejaculations. The
viewers only tallied behaviors we could clearly identify and may have counted some
ejaculations as intromissions, which might explain the relatively low numbers of
ejaculations recorded. There are reliable software programs that can record both behavior
frequency and latencies and may be a more accurate method of tallying behaviors for
these animals (Tarapacki and Kristal, 1990).
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